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STlTNTRODUCnON ~ 

Bond energies of the carbon-sulfur double bond in carbon disulfide or in 
carbon oxysulfide and the carbonroxygen double bond in carbon dioxide 
are 128 and 192 kcal/mole, respectively. Since bond energies of general 
carbon-sulfur and carbon-oxygen single bonds are 65 and 85.5 kcal/mole 
^respectively, there exists more than 40 kcal/mole of difference- between 
larbon-sulfiir and carbon-oxygen 7r-bond energies The difference is 
Undoubtedly due to the low efficiency of 2p-3p 7r-overlapping in 
.l&hparison with that of 2/?-2p: Because of the inherent antibonding 
Hiteractions, as shown in Fig.5.1, 7r-bonds from 2p and 3p orbitals are less 
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A similar reaction also affords thioaldehyde-S-oxide, 533 95 : 



SOCI 



H,C 




OMe 



Et 3 N 
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OMe 



(5.68) 



5.33 



The direct oxidation of thioketones with monoperphthalic acid again 
results in the formation of sulfines 96 ' 97 . Qs- and taz/is-isomers of methyl 
dithio-l -naphthoate-S-oxid e, 534 and 5.35, were synthesized by this 
method" 9 " 8 . Methyl dithio-2^naphthoate reacts similarly : 




rco 3 h 




.S. SMe 




(5.69) 



5.34 5.35 
Sulfenes are unstable compounds and have been generated only as 
transients. However, recently, unsubstituted sulfene was trapped at — 196 9 
and subjected to ir spectroscopy 9 9 . 

The complexity of reactions of thiocarbonyl compounds with 
organometallics has been mentioned in Sect. 53.1. Other reactions, not 
discussed here, in which thiocarbonyl compounds are attacked by electro- 
philes, at least formally, are formations of complexes with transition 
metals 6 0f 10 «r 1 oi Readers are recommended to refer to the articles 
cited herein. 



5.4 RADICAL AND RELATED REACTIONS 
5.4.1 Reactions with Radicals 

The importance of the canonical form 5.1c may be most emphasized in 
radical reactions of thione. An old example is the coupling of. 5.36 (eq. 
5.70) 1 02 . Since the biradical form of 536 is expected to be stabilized by 
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compounds are in resonance among 



x-c — s 

ii i 

x-c— s 



x-c=s 



I 



x-c==s 
537 . 538 
539, they react with certain olefins f 
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^lo^^xample is the coupling of 536 (eq. 
bnnbf 53f ^expected to be stabilized by 
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J, 



Et0 2 C 



EtOjC 



EtOjC 




EtO£ 




etc 



>j ■ 

[ 

'.' 

■. J 

VI 

1 1 "i 
i * *■ 
.■{"• 

'.( 



formed by coupling of two thiyl radicals, is suggested to be the 
intermediate (eq. 5.72). Recently, two research groups synthesaed 
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compounds are in resonance among the canonical forms 5.37, 5.38, ana 
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539, they react with certain olefins easily, affording cycloadducts: 



5.37 




(5-74) 



Certain thiocarbonyl compounds are found to be powerful capturing 
agents for carbon radicals ,os . When azobisisobutyronitrile (AIBN) is 
-decomposed-in r efluxing tol uene containing an equimolar amount of 
thiobenzophenone, the yield of tetramethylsuccinonitrUe, a dimerization 
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,^^^|u;ct. of cyanoisopropyl radicals, decreases, from 89% (without 
"^^PK^nzophenone) to 21%. Cyanoisopropyl radicals are so efficiently 
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captured 106 that the addwet, 5.40, is produced in 78% yield. Simild 
the addition of thiobenzophenone to a solution of azobi{ 
1-phenylethane in toluene results in the marked decrease of the yield |l 
2,3-diphenylbuUne from 90% (without thiobenzophenone) to 12%, an<fe- 
the adduct, 5.41, is obtained in 80% yield. Thioacetophenone is also arj 
efficient radical-capturing agent. 

Me PhMc Me PhMe 

III 

NC-C-5-C-C-CN 
I- I I - 

Me PhMe 
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I I 

H-C-S-C-C-H 
I I I 
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It was found that a lin 
absorption maxima (in eV 
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thiocarbonyl compounds. He: j, cp is defined by: 
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free-energy relationship holds between visible 
units) and radical^apturing powers (cp) of 
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(D) 



(5.76) 



where (D) 0 and (D) denote yields of dimers without and with 

thiocarbonyl compounds, respectively ,07 . 

It is known that the visible absorptions of thiocarbonyl compounds are 
ascribed to n -» ;r* transitions of thiocarbonyl groups. Since the ionization 
potentials of the lone-pair electrons on the sulfur atom presumably do not 
differ greatly from each other among these compounds, the eneigy of 
the n 7T* transition mainly represents the relative energy level of the 
lowest vacant orbital of C-S ^bonding. Since the low level corresponds to 
the strong, capturing power, it is apparent that carbon radicals behave as 
nucleophiles in this reaction. 

The Tate constant for the dimerization of cyanoisopropyl radicals was 
calculated to be 2.2 x 10 9 liter mole' 1 sec « '".Then the rate of the 
reaction of thiobenzophenone with these radicals might be fast enoueh to 
compete with it. " 

5.4.2 Reactions with Carbenes 

Reactions of thiocarbonyl compounds with diazo compounds have been 
extensively studied by Schonberg and co-workers 109 . There are two 
types of reactions depending on structures of thiocarbonyl and diazo 
compounds. They are: 
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Lipid Oxidation: Mechanisms, Products 
and Biological Significance 
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ABSTRACT 

This paper reviews our studies of fatty acid hydroperoxides, their 
secondary products and mechanisms for their formation in the con- 
text of some of their possible biological consequences. The uneven 
distribution of isomeric hydroperoxides in oxidized linolenate and 
photosensitized oxidized linoleate is related to the formation of 
hydroperoxy cyclic peroxides. Interest in the hydropcroxy mono- 
and bi-cycloendoperoxides from oxidized linolenate stems from 
their structural relationship to the prostaglandins. However, the bio- 
logical activity of hydroperoxy cyclic peroxides formed by autoxi- 
dation has not yet been reported. Thermal decomposition studies of 
secondary lipid oxidation products show they are important pre- 
cursors of volatile compounds. An acid-acetalatjon decomposition 
procedure establishes that 5-membered hydroperoxy cyclic perox- 
ides and 1,3-dihydroperoxidcs arc important precursors of malon- 
aldehyde. This approach provides a more specific test tharT*thc 
thiobarbituric acid (TBA) color reaction to evaluate lipid oxidation 
products as sources of malonaldehyde and its biological effects due 
to crosslinking. A better understanding is needed of the biological 
effects of a multitude of lipid oxidation decomposition products 
other than malonaldehyde. 

INTRODUCTION 

The biological consequences of oxidized lipids that arise 
from in vivo reactions or from ingested foods long have 
attracted the attention of biochemists and food scientists. 
Many researchers are now working worldwide on a wide 
assortment of biological systems in which lipid peroxides 
and free radicals are implicated, including cancer, strokes, 
arteriosclerosis, inflammation and the aging process. Many 
lipid oxidation products are known to interact with bio- 
logical materials to cause cellular damage. Bifunctional 
secondary products of lipid oxidation such as malonal- 
dehyde are powerful crosslinking agents, and react with 
amino groups of enzymes, proteins and DNA. The resulting 
conjugated Schiff bases produced by crosslinking arc 
fluorescent The degree of fluorescence correlates with loss 
of template activity, which also is related to aging. The bio- 
logical aspects of lipid oxidation have thus become the 
subject of a very active area of research, and many reviews 
have appeared (1-12). 

This paper reviews our structural studies of primary and 
secondary products of lipid oxidation, their volatile and 
nonvolatile decomposition products, mechanisms for their 
formation and some of their biological consequences. It 
must be emphasized at this point that much of the work on 
biological effects of lipid peroxidation is based on infer- 
ential evidence. Much more research is needed to establish a 
more direct causal relationship. 

FREE RADICAL AUTOXIDATION 

The reaction of oxygen with unsaturated lipids (LH) in- 
volves free radical initiation, propagation and termination 
processes (13). Initiation takes place by loss of a hydrogen 
radical in the presence of trace metals, light or heat. The 
resulting lipid free radicals (L-) react with oxygen to form 
peroxy radicals (LOO*). In this propagation process, LOO* 
react with more LH to form lipid hydroperoxides (LOOH), 
which are the fundamental primary products of autoxida- 
tion. 



initiator 





Antioxidants (AH) can break this chain reaction by reacting 
with LOO* to form stable radicals (A') which are either too 
unreactive or form nonradical products. 



LOOH + A- 
Nonradical products 



Decomposition of lipid hydroperoxides constitutes a very 
complicated process and produces a multitude of 
materials that may have biological effects and cause flavor 
deterioration in fat-containing foods. This decomposition 
proceeds by homolytic cleavage of LO-OH to form alkoxy 
radicals LO*. These radicals undergo carbon-carbon cleav- 
age to form breakdown products including aldehydes, 
ketones, alcohols, hydrocarbons, esters, furans and lactones 
(14,15). 

Lipid hydroperoxides can react again with oxygen to 
form such secondary products as epoxy hydroperoxides, 
ketohydroperoxides, dihydro peroxides, cyclic peroxides 
and bicyclic endopcroxides. These secondary products can 
in turn decompose like monohydroperoxides to form vola- 
tile breakdown products. Lipid hydroperoxides also can 
condense into dimers and polymers that also can break 
down and produce volatile materials. 



LOOH 



Secondary monomeric product 
Dimers and polymers 



Volatile 

breakdown 

products 



Finally, lipid hydroperoxides and some of their bifunc- 
tional breakdown products can interact with proteins, 
membranes and enzymes (16-21). These reactions with 
biological components are of most concern to biochemists 
because they can affect vital cell functions (1-12). Mem- 
brane deterioration caused by free radical mediated reac- 
tions contributes to the aging process (6). Age pigments 
known as lipofuscin are formed by this process and can be 
retarded by the administration of antioxidants such as 
vitamin E (10,22-28). The development of fat rancidity in 
complex food systems is also greatly affected by the inter- 
actions of proteins and amino acids with lipid oxidation 
products. Complex high-molecular-weight interaction prod- 
ucts are formed during processing and cooking of foods, 
and their further degradation into volatile compounds is 
not well understood (29-32). 

PHOTOSENSITIZED OXIDATION 

Another important way that unsaturated lipids can be 
oxidized involves exposure to light and a sensitizer (sens) 
such as chlorophyll. By this non free radical process, oxy- 
gen becomes activated to the singiet state by transfer of 
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energy from the photosensitizer. The resulting singlet 
oxygen ( 0 2 ) produced by this process is extremely 
reactive. Linoleate is reported to react at least 1500 times 
faster with p 2 than with normal oxygen in the triplet 
ground state ( 3 0 2 ) (33). r 

Sens* (excited) 
l O, +Scns 
LOOH 

This hydroperoxidation reaction is so rapid that it has been, 
postulated as a process to initiate free radical autoxidation 
Natural quenchers such as carotenoids protect lipids against 
•photosensitized oxidation by interfering with this process 
(34). Further oxidation and decomposition of lipid hydro- 
peroxides from photosensitized oxidation produce some of 
the same and some different breakdown products, which 
may have an impact on biological interactions similar to 
that of the corresponding hydroperoxides formed by free 
radical autoxidation. 

In vivo LIPID OXIDATION 

Much attention has been given to the problems of measur- 
ing lipid oxidation in biological systems (7,10,35,36) The 
formation of fluorescent conjugated Schiff bases by the 
interaction of amino acids, esters and amines with malonal- 
dehyde has been suggested for a long time as. a measure of 
in vivo lipid oxidation. The biological consequences of their 
reactions are the same as those of monohydroperoxides 
Malonaldehyde has long been use^d as a model for secondary 
products of lipid peroxidation. However, as will be dis- 
cussed later, a multitude of other Afunctional secondary 
oxidation products are known that can act as potential 
crosslinkers and may interact with proteins and DNA to 
cause biological damage. 

The analyses of hydrocarbons in the breath of experi- 
mental animals has been used extensively as a sensitive 
index of in vivo lipid oxidation. This noninvasive method 
has received much attention lately (7,10). It is based on the 
observed increase in ethane and pentane in animals on a 
vitamin E-deficient diet, and by the effect of metal cata- 
lysts, and oxidative agents such as ozone, carbon tetra- 
chloride, ethanol and nitrogen dioxide. Antioxidants and 
selenium decrease the release of these respiratory hydro- 
carbons. 

The most notable defense mechanisms that the body 
has against in vivo lipid oxidation include vitamin E and 
other natural antioxidants, and protective enzymes such as 
glutathione peroxides and superoxide dismutase. Vitamin E 
is the most effective in vivo inhibitor of lipid oxidation 
(23,28,37). In addition to its dual effects as a free radical 
and 0 2 scavenger, vitamin E may have other cellular ef- 
fects in protecting the integrity of membranes (25). Gluta- 
thione peroxidase catalyzes the reduction of hydroperox- 
ides into innocuous alcohols, which are thus stabilized and 
no longer decompose into harmful aldehydes and other 
breakdown products (10). Superoxide dismutase removes 
superoxide (0 2 ), which is toxic to the cell, by converting it 
to hydrogen peroxide and normal 3 0 2 . 



2H* 



2a; 



♦"H 2 O a ♦ a O, 



A metal-catalyzed interaction between 0~ 2 and H 2 0 2 gener- 
ates a potent oxidant postulated to be *OH, which can 
cause strand breaks in DNA; superoxide dismutase prevents 
this damage on DNA (38,39). During aging or under dis- 
eased conditions, the lowering of the concentration of pro- 



tective enzymes may reduce these body defense mechan- 
isms against the damage from free radicals and activated 
species of oxygen. Whether vitamin E would retard the 
aging process in higher animals is questionable (6). 

HYDROPEROXIDATION OF UNSATURATED 
FATTY ACIDS 

The mechanisms of hydroperoxide formation were re- 
TfTfL P' eviousl y fo' -different unsaturated fatty acids 
(13,40). Further mechanistic studies have been published 
recently on the stereochemistry of linoleic and arachidonic 
acid oxidation (41,42). The formation of hydroperoxides 
by free radical autoxidation and photosensitized oxidation 
is summarized here to enable us to compare their isomeric 
distributions and understand the structures of the resulting 
secondary products. 6 

According to the well-recognized mechanism of oleate 
autoxidation, hydrogen abstraction from the allylic meth- 
ylenes on carbon-8 and carbon-11 produces 2 allylic radi- 
cals in which electrons are delocaiized through 3-carbon 

react with 0 2 at the end 
positions to produce a mixture of 8-, 9-, 10- and 11-hydro- 
peroxide isomers. According to this mechanism, these 
4 isomcne hydroperoxides would be formed in equal 
amounts. However, recent studies based on GC-MS (43 44) 
and HPLC (45) analyses show that the mechanism ' for 
oleate autoxidation is more complicated than that depicted 
in Figure 1, because the 8- and 11-hydroperoxide isomers 
are formed in small but consistently higher amounts (27%) 
than the 9- and 10-hydroperoxide isomers (23%). 13 C-NMR 

small amounts of cis-9 and 
cis-10-hydroperoxides and large amounts of trans* and 
fwnj-ll-hydroperoxides are formed in autoxidized oleate. 
These results suggest a somewhat greater reactivity of 
carbon-8 and carbon-11 with 0 2 and a change in the 



Oleate 




-H* 




♦H 

9 



o 2 



/ \ +H ' 



8-+ 10-OOH 




9-+ 11-00H 



H00 




13-00H 



9-00H 



FIG. L Mechanism of oleate and linoleate autoxidation (40). 
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conformation of the allylic radical intermediates (40,46). 

The classical mechanism of linoleate autoxidation pro- 
ceeds by hydrogen abstraction from the doubly allylic 
methylene on carbon-11 to produce a delocalized penta- 
dienyl radical. Oxygen attack at the end positions produces 
an equal mixture of conjugated 9- and 1 3-hydroperoxide 
isomers with the transits- configuration (Fig. 1). Experi- 
mentally, a significant proportion of the conjugated hydro- 
peroxides assume the trans t trans configuration, which in- 
creases with the level and temperature of autoxidation. 
The mechanisms for this change in hydroperoxide con- 
figuration have been discussed previously (40,42). 

The mechanism of linolenate autoxidation is based on 
that of linoleate. Hydrogen abstraction on the doubly 
allylic methylenes on carbon-11 and carbon-14 produces 2 
pentadienyl radicals. attack at the end positions of 
these radicals produces a mixture of 9-, 12-, 13- and 16- 
conjugated diene-trienc hydroperoxide isomers (Fig. 2). 
Our early studies based on chemical cleavage analysis (47) 
were fully confirmed recently by GC-MS (48) and HPLC 

Linolenate 

15 12 9 

v = v = v=\ 




// * 

12 00H 

FIG. 2. Mechanism of linolenate autoxidation (47). 



(49) studies in showing a . significantly higher proportion 
of the outer 9- and 16-hydroper oxides than of the internal 
12- and 13-hydroperoxides. This uneven distribution of 
isomeric hydroperoxides recently has been shown to be due 
to the 1,3-cyclization of the internal 12- and 13-hydro- 
peroxide isomers into hydroperoxy cyclic peroxides (50). 
This cyclization of homoallylic hydroperoxides of lino- 
lenate also can be accompanied by a second cyclization to 
form bicycloendoperoxides structurally related to the 
prostaglandins (51). . 

Autoxidation of arachidonate proceeds by the same 
mechanism as linoleate. Hydrogen abstraction at the three 
doubly allylic carbons -7, -10 and -13 produces 3 penta- 
dienyl radicals. 0 2 attack at the end positions of these 
radical intermediates produces 6 isomeric hydroperoxides 
with a conjugated diene system and 2 methylene-inter- 
rupted double bonds (Fig. 3). Like in linolenate, the 
external 5- and 15-hydroperoxide isomers are formed in 
relatively higher concentrations than the internal 8-, 9-, 11- 
and 12-hydroperoxide isomers (41), presumably because of 
their tendency to cyclize. 

Photosensitized oxidation of unsaturated fatty acids pro- 
ceeds by a different nonradical mechanism than autoxida- 
tion. There is a direct reaction of l 0 2 with the carbon- 
carbon double bond by a concerted "ene" addition, and 
hydroperoxides are formed at each unsaturated carbon. 
Thus, oleate produces 2 isomers: the 9- and 10-hydro- 
peroxides with allylic trans double bond. Linoleate pro- 
duces 4 isomers: 2 conjugated 9- and 13-diene hydro- 
peroxides (as in autoxidation) and 2 unconjugated 10- 
and 12-diene hydroperoxides (different from autoxidation) 
(Fig. 4). Similarly, linolenate produces 6 isomers: the 9-, 

12- , 13- and 16-isomers are the same as in autoxidation, and 
the 10- and 15- are different. According to the concerted 
enc addition mechanism for 1 0 2 , a statistical distribution 
of isomeric hydroperoxides would be expected in all un- 
saturated fatty acids. However, our results (52,53), which 
were confirmed by others (54), show an uneven distribu- 
tion of hydroperoxide isomers in linoleate and linolenate. 

The different distributions of hydroperoxide isomers 
produced by autoxidation and photosensitized oxidation 
are summarized in Table I. It is important to note again 
that the internal isomers of autoxidized linolenate (12- + 

13- OOH) and of photosensitized oxidized linoleate (10- + 
12-OOH) and linolenate (10- + 12- + 13- + 15-OOH) are 



Arachidonate 




500H 




15-OOH 





900H 



FIG. 3. Mechanism of arachidonate autoxidation. 
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formed in significantly lower concentrations than the 
external isomers The reason for these uneven distributions 
of hydroperoxides is that the internal isomeric hydro- 
peroxides have a homoallylic structure that permits 1.3- 
cyclizanon to form hydroperoxy cyclic peroxides. 

SECONDARY OXIDATION PRODUCTS 

Because of their structural relationship with the prosta- 
glandins, much attention has been given recently to the 
cyclic peroxides formed from polyunsaturated fatty acids 
by autoxidataon, enzyme oxidation and photosensitized 
oxidation (35,48,51,56-65). The precursors of materials 

Oliate Uj 





H 




linoleate-^' 




FIG. 4. Mechanism of photosensitized oxidation (1$). 



that react with thiobarbituric acid (TBA) and prostaglandin 
E were shown to be mono- and bicycloendopetoxides 
formed during the autoxidation of linolenate and other 
fatty acids containing more than 2 double bonds (61). 
The mechanism first advanced for the formation of these 

au£ hT T° lYeS ^"^"tion of the homo- 
aUyhc hydroperoxide isomers (12-+ 13-OOH) of linolenate 
(Fig. 5). Recent studies have confirmed the formation of 
^ n e°i C ^ C P" ox j des from autoxidized methyl linolenate 
(50 51,66) and from photosensitized oxidized methyl 
hnoleate (65,67) and linolenate (68). and bicycloendo- 
peroxides from autoxidized 13-linolenate hydroperoxides 
(51) as well as from photosensitized oxidized methyl 
linolenate (68) Bis-cyclic peroxides also were identified in 
photosensitized oxidized linolenate (68) and in a free 

knmi" m f m UM t0Xidat ^ 0f * e "-hydroperoxide 
isomer of arachidonic acid (69). Six-membcred hydro- 
peroxy cyclic peroxides also have been prepared by the 

fH« t %m Sm r? ox i d * tion of me *yl linoleate hydroperox- 
ides (70) Figure 6 summarizes the general structures of 
different hydroperoxy cyclic peroxides identified in autoxi- 
lmoknaw tC P hotosensiti " d oxidized linoleate and 

Much interest has been generated in the bicycloendo- 
peroxides identified m oxidized linolenate because of their 

t^Vt re,ad ^ ns . hi P to ** prostaglandin endoperoxides 
formed biosyntheticaUy from arachidonic acid (64) (Fie 7) 

5f t Sft? di "J U r e « rcmd y P° tent Physiological activi- 
• , d ? ronlbox «ne aggregate platelets, whereas 

PGI 2 inhibit platelet aggregation. These materials thus have 
been implicated m the inflammatory process in heart 
attacks, strokes and smooth muscle contraction (64). The 
bicycloendoperoxides from linolenate were shown to have 
mainly cis substituents (51), in contrast to the trans stereo- 
chemistry of the prostaglandins derived enzymatically from 
arachidonic acid (64) The physiological importance of thU 
difference in stereochemistry between the nonenzymatic 
and enzymatically produced bicyclic peroxides remains to 



TABLE 1 



Isomeric Distribution! of Fatly Add Hydroperoxides 



Fatty acids 



Isomeric hydroperoxides, 1 % 
Free radical autoxidation 0 



Oieate 




8-OOH 
27 


9-OOH 
23 


10-OOH 
23 


11-OOH 
27 


Linoleate 






9-OOH 
50 


13-OOH 
50 




Linolenate 




9-OOH 
30 


12-OOH 
12 


13-OOH 
12 


16-OOH 
46 








Photosensitized oxidation 0 




OJeate 






9-OOH 
50 


10-OOH 
50 




Linoleate 




9-OOH 
31 


10-OOH 
18 


12-OOH 
18 


13-OOH 
33 


Linolenate 


9-OOH 
21 


10-OOH 
13 


12-OOH 
13 


13-OOH 
14 


15-OOH 16-OOH 
13 25 



dHf^n^p^ef ° f «« id - d » Peroxide values 

References (43,48,55). 
Reference (52). 
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0 0 



+ isomers 



Malonaldehyde 

/ 



H 
0 

0 0-0 



FIG. 5. Mechanism of 1,3-cydization of 12- and 13-hydr op er oxides of Linolenate and forma- 
tion of malonaldehyde (61). 



Autoxidized Linolenate 

O— O OOH 



Sensitized Photooxidized Linoteate 
O-O OOH q_q OOH 

B — ( ) — k C 



Sensitized Photooxidized Linolenate 



HOO 0-0 O— O 



HOO O— O . , 

D E 




OOH 



FIG. 6. Structures of hydroperoxy cyclic peroxides. 



Other secondary products identified in highly oxidized 
oleate include saturated epoxy esters, ally lie hydroxy- and 
ketoenes and saturated and monounsatu rated dihydroxy 
esters. From highly oxidized linoleate, a multitude of di- 
and tri-oxygenated compounds also have been identified, 
including keto- or hydroxyepoxyene, epoxyenes, diketo- or 
dihydroxyenes as well as trioxygenated derivatives (71,72) 
(Fig. 8). The ally lie ketoenes and kctodienes from oxidized 
oleate and linoleate respectively were shown to be particu- 
larly active in promoting the induction of nutritional 
encephalopathy in chicks (73). 

In autoxidized methyl linolenate, hydroperoxy cyclic 
peroxides are formed in the same order of magnitude as 



the monohydroperoxides (Table II). These secondary prod- 
ucts are formed so rapidly that, kinetically, they can be 
regarded as "primary' 1 products in the sequence of events 
during autoxidation of linolenate. Dihydroperoxides are the 
next most important secondary products in autoxidized 
linolenate. In photosensitized oxidized linoleate and 
linolenate, the hydroperoxy cyclic peroxides are less 
important and constitute about 10% of the monohydro- 
peroxides (Table III). Dihydroperoxides are also important 
secondary products of photosensitized oxidation (67,68). 
Bicycloendoperoxides and bis-cyclic peroxides arc only 
minor products of linolenate. 

Malonaldehyde is claimed to be an important biological 
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OOH 

Bicydo Endoperoxkfo from Lindenate 




OOH 



*- f N ^= l// \/\:OOH oru Aggregate 



I 

OH 



PGGj from Arachiilonic Add 

Inflammatory Process 
Heart Attacks 
Strokes 

Smooth muscle contraction 



coo* 



\=AA OOH / 

JJ > XA/\/V 




PG1 2 



Thromboxane A 2 
Aggregate Platelets 



I 

OH 



Inhibit Platelet Aggregate 

(Slt<*l Rdati0ndli P hydroperoxy bicycloendoperoxides and prostaglandins 



TABLED 

Autoxidation Products of Methyl Linolcnate a 



Peroxide values (PV) 



Compounds 



904 



1286 



Unoxidized ester 

Epoxy esters 

M onohydroperoxides 

Hydroperoxy cyclic peroxides 

Epoxyhydroxy dienes 

Dihydroperoxides 

Unidentified polar materials 



87.9% 
0.2 
3.5 
3.8 
0.1 
0.9 
3.7 



74.8% 
0.3 
8.4 
7.7 
0.1 
2.9 
5.9 



a ?."* d " ?» "eight-per cent composition of fractions isolated by 
silicic acid column chromatography (50). 

TABLE HI 

Photosensitized Oxidation Products of Methyl Lineoleate 
and Methyl Linolenate* 



Compounds 



Linoleate 0 
(PV 1947) 



LinoIenate c 
(PV 1956)* 



Unoxidized esters 

Kcto/cpoxy esters 

Monohydroperoxides 

Hydroperoxy cyclic peroxides 

Hydroperoxy bicycloendoperoxides 

Dihydroperoxides 

Hydroperoxy bis-cyclic peroxides 

Unidentified polar materials 



70.2% 

1.2 
24.3 

2.8 

0.9 
0.6 



65.5% 

1.6 
25.6 

2.2 

0.1 

3.0 

1.0 

1.0 



'Based on wdght-per cent composition of fractions isolated by 
silicic acid column chromatography. 
b Rc£crcncc (67). 
c Refcrence (68). 



breakdown product expected from 5-membered cyclic 
peroxides of lmolcate and linolenate (60,61) because of its 
crosshnking ability with amino groups of proteins, enzymes 
and DNA (10). Higher dialdehydes than malonaWehydl 
also may be derived from dihydroperoxides, 6-membered 



cyclic peroxides and other polyfunctional secondary 
products of linoleate and linolenate. The importance of 
these secondary oxidation compounds in crosslinking with 
amino groups and other functional groups of biological 
materials remains to be established. 

"VOLATILE DECOMPOSITION PRODUCTS 

Hydroperoxide decomposition involves a very complicated 
set of reaction pathways. The volatile decomposition prod- 
ucts have been studied extensively because of their impact 
on flavors and odors formed during deterioration of lipid- 
containing foods. More attention has been given to this 
problem recently by biochemists because the analysis of 
hydrocarbons in the breath of animals has proved to be a 
sensitive index of in vivo lipid oxidation. The mechanistic 
concepts for the formation of volatile lipid oxidation prod- 
ucts were reviewed previously (15). Only a few of the 
fundamentals wfll be covered here and some of our more 
recent studies on the volatile decomposition compounds 
from secondary lipid oxidation products. 

A generally accepted and authenticated scheme for the 
fragmentation of, monohydroperoxides involves carbon- 
carbon cleavage on either side of the alkoxy radical to 
produce 2 types of aldehydes, an olefin radical and an 
alkoxy radical. 

i i (1) >r R'-cho + r-ch=ch. 

I i ^^aldehyde ester 
R-CH=CH-i-CH+R', 



R' » ester end 

R » hydrocarbon end 



(2)^ R-CH«CH-CHO + R'. 
alkenal 



These radicals can, in rum, react with either -OH or H- 
The vinyl alcohol derived from the reaction with •OH is 
unstable and tautomerizes to a saturated aldehyde. 

R-CH-CH* + .OH - R-CH-CH-OH ^ R-CH.-CHO 
The product from the reaction with -H is either an o> 



lAA/^C W~l fi1 I.. 
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Qieate 



Linoleate 



0 

R— CH—CH — R' 

X 

i 

R — C — CH=CH — R' 

* A 

R— C— CH— CH— R' 

X X 
I I 
R — C — C— R' 

X X 
R — C— CH=CH — C — R' 



0 . X 
/ \ I 
R — CH — CH— C — CH=CH — R' 

X 

R — C — CH=CH — CH=CH — R' 

? A 

. R — C — CH=CH — CH — CH— R' 
X X 

I I 

R — C — CH=CH — CH 2 — C— R ' 
XX X 

I 1 I 

R— C—C— CH=CH-C— R' 



Unolenata 



OH/OOH-Cyclic Peroxides 

X X 
I I 
R — C— CH=CH — C — CH=CH — CH=CH — R' 

X X 
I I 
R — C*— CH=CH — CH=CH — CH=CH — C— R' 

0 X . 
/ \ I 

R — CH=CH — CH — CH — C — CH=CH — CH 2 — R' 

A f 

R — CH— CH — C — CH=CH — CH=CH — CH 2 — R' 

A i 

R — CH — CH — CH=CH — C — CH=CH — R* 



C— X= CO, CH— OH. CH — OQH 



FIG. 8. Structures of secondary autoxidation products of oleate, 
linoleate and Unolenate. 



HO-t-O O-A-O 



CH 3 -(CH : ) 3 




ft i 
' 1 <-OH 



! 1 > 



(2.4%) CH 3 HCH 3 ) 3 — CHj ^ i ^ OHC— |CH 2 ) 7 -COOMe (33%) 

<45%)CHj— (CH 3 ),-CHO JL H _ OHC-CH=CH— {CH 2 ) 6 -COOMe 

/-O, (29%) 



CH 3 HCH 2 ) 3 — CH=CH— CHO 
(1.1%) 



I O-rrO i O-j-OH 

" ' 1 V 'I 

CH 3 -{CH 3 ) : ^ sf^ki)Sxk\^ 



/J 

CH 3 —|CHj) 3 — CH=CH— CHO 
(27%) 

CH 3 HCH 2 ) 3 — CH=CH— C— CH 3 
U.9%) ^ 




\ ^H 3 —{CH 2 ) 4 — COOM« (5.0%) 

OHCHCHjJ^-COOMe (39%) 

OHC— CH=CH-(CH 3 ) 6 — COOM. 

08%) 



olefin: R-CH=CH- + # H -* R-CH=CH 2 , or a short chain 
ester: R' # + *H -+ R'H. Cleavage reactions (1) and (2) 
explain most of the volatile products identified from the 
thermal decomposition of the hydroperoxides of oleate, 
linoleate and linolenatc (15,74). The products include 
carbonyls, alcohols, esters and hydrocarbons. The forma- 
tion of substituted furans, epoxy aldehydes, ketones, 
lactones, alkynes and aromatic compounds is difficult to 
explain, and the literature is full of speculative mechanisms 
(14,15). 

More recently we have investigated the thermal decom- 
position of secondary oxidation products to determine 
their role as precursors of volatile oxidation products. The 
formation of bifunctional oxidation products of biological 
importance, such as malonaldehyde, also was studied be- 
cause of their potential crosslinking reactions with amino 
acids, proteins and DNA (10). The thermal decomposition 
of cyclic peroxides from linoleate produced most of the 
same volatile cleavage products as the corresponding mono- 
hydroperoxides (Fig. 9). The most important cleavage 
between the hydroperoxide group and the cyclic peroxide 
produced aldehydes and aldehyde esters. Cleavage on the 
other side of the hydroperoxide group produced hydro- 
carbons and shorter-chain esters (67,75). Cleavage of the 
peroxide ring explains the formation of unsaturated alde- 
hydes and aldehyde esters. Unsaturated methyl ketones are 
among some of the unique products of cyclic peroxides. 

The thermal decomposition of hydroperoxy bis-cyclic 
peroxides from Unolenate follows the same fragmentation 
pattern as the monocyclic peroxides (75) (Fig. 10). The 
most important cleavage A between the hydroperoxide 



CH 3 CH=CH 

•oh; 

Propanal (9.2%) 

Propenal (3: IK) / 

2 Buienal (2.4%) 

2Penten-4-one (0.3%) 



Mb 12 oxo- 1 0-dcdecenoate IU ft d 
\ -2 0- 

0-f OH P 

CH-f-|CH 2 ) 7 — COOMe (H) 

.q H _\\ Me Octanoate (11.2%) 
^Me 9-oiononanoate (44.3%) 
-•0Oh\ Me 10-oio-8-decenoat8 (5.1%) 
Me furan octanoate (2.5%) 





-0 

' C \ 0' 



-0« y^ 8 * uran octanoate (1.5%) 



Me 12-oxo-l O-doecenoate (0.3%) 




i- 



Propanol (23.6%) / \ 

-2H- / \ 

/-OH \ 
Propenal (2.3%) / > 

\ 

2Butenal 13.5%) 2Penten-4one 10.7%) 

2H- 



CH=CH— (CH 2 ) 6 — COOMe (I) 



\ ^ Me 9-oiononanoate (20.3%) 



Me lO-oxo-8-decenoate (23.8%) 



Butanal (7.6%) 



FIG. 9. Thermal decomposition of hydroperoxy cyclic peroxides 
from linoleate treated with 1 0, (67). 



FIG. 10. Thermal decomposition of hydroperoxy bis-cyclk perox- 
ides from Unolenate treated with 1 0, (75). 
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group and the first peroxide ring produces a C-9 aldehyde 
ester. Cleavage B on the other side of the second peroxide 
ring produces propanal. Other cleavages, C and D, produce 

y H £ P u r0 ? U r CtS Sin,ilar 10 ^ trom monohydroperox 
ides Methyl furanoctanoate is a unique cleavage product 
that can be explained from cleavage E between the 2 
peroxide rings. The bicycloendoperoxides isolated from 
photosensitized oxidized methyl linolenate also wer™ 
thermaUy decomposed, and carboh-carbon cleavage around 

Jnt tt^w^f 0 ^ W f f0Und to be d>« most impor- 
tant (76). We also have studied the thermal decomposition 
of dAydroperoxides from linolenate. The volatile products 

SfK? " e *T CXpCCtCd fr ° m clcava S e ° n «<* 23 
S!i y . T Per0Xld • • gr °^ p - Under m * Editions used for 
mJTio O ° mposmon <?» 'hromatograph injector port at 
fnli Q, r -1° case , have we found evidence for the 
formation of either malonaldehyde or other dialdehydes 
expected from both cyclic peroxides and dfcydroperoxfdes 
Apparently, these Afunctional products were too the^mallv 
unstable to be detected by gas chromatography. 7 
Malonaldehyde has received much attention in the bio- 
chemical and food science literature, and it was reported to 
be mutagenic and carcinogenic (77-79). The TBA color 
reaction generally -has been used to determine malonalde- 
hyde in food and b.ological systems. Unfortunately, the 
TBA reaction u not specific for malonaldehyde, and many 
lipid oxidation products and their interaction products with 

SSfSS? 8*5 P/Kttvc reactions (7,10,31. 

80-82). To determine malonaldehyde more specifically we 
developed a milder procedure to decompose lipid oxidation 
products under acid conditions instead of usingVeltateu 
temperatures of a gas chromatograph. By using a dilute HC1 
solution ,n methanol, lipid oxidation products are readily 
cleaved and converted to stable acetals suitable for gas 
chromatography. Any malonaldehyde formed is converted 
to tetramethyl acetal derivatives, which can be determined 
quantitatively by gas chromatography (83). ThiTacld 
decomposmon-acetalation procedure was applied to differ- 
ent lipid oxidation products. As expected. 5-membered 
hydroperoxy cyclic peroxides and 1,3-dihydroJeToxides 

Zh r/r- 0 m ° St P«cu«ors of malon- 

aldehyde (F,g. 11) 1,4-Dihydroperoxides were less impor- 
tant and monohydroperoxides were the least significant 

! 

fl-CH 2 -j-CH-CH 2 ~CH-{-CH 2 -R' 



t 



OOH H00 
CH 3 0H, H + 



r 



(CH 3 0) 2 CH~CH 2 -CH(0CH 3 ) 2 
R— CH=CH ' 



t 




, v , j CH-{CH 2 ] 7 — COOMe 

' w ' L 

FIG. tL Acetaladon-acid decomposition of hvdron'*r»«, 
peroxides and 1,3-dihydroperoxides <8« y P OXy c y cUc 



precursors of malonaldehyde. In contrast, the TBA test is 
known to give a positive test with all these lipid oxidation 
products (84X Therefore, our approach provides a Tore 
specific test than the TBA color reactions evaluate Ae 
potential of hp.d oxidation products to form malonalde- 
hyde and its biological effects due to crosslinking. 

BIOLOGICAL CONSEQUENCES 

Many reviews have appeared on the biological effects of 

to cancer 

.k j" • P , ,d . ox,dao °n products are implicated in 
the disruption of biological membranes (1,6,7,9.10), the 
.nactivauon of enzymes and damage to proteins (10, 16-2 1! 

? 1 Q 2< iT aU0 !l °- ^ PlgmCntS in membrane 
(9,10,25,89) oxidative damage to lungs by atmospheric 

pollutants (4) and cancer. That free radicahare one of the 

important factors affecting cancer can be inferred by the 

beneficial effects of antioxidants such as vitamin E BHA 

and BHT (12,86.90-93). These free radlTTcaven££ 

apparently prevent, the oxidation of chemical carcionoSc 

*us "es'ult' from e CtiVC ^ ^mogenesTs^ay 
thus result from enzymatic or nonenzymatic oxidation of 

rom W ? ? aCdVC inte ™**« formed eidier 

from stable free radicals or via singlet oxygen and -OH by 
metal complex catalysis (6,7,12,94). 

Many examples are cited in the literature for the roles 
of free radicals in carcinogenesis. ESR evidence is reported 
for the formation of nitroxyl radicals as an intermediate 
from N-hydroxyacetyl-aminofluorene (N-OH-AAF) in its 
conversion to the more active carcinogenic species N- 
acetoxy-AAF and 2-nitrosofluorene (95-97). This conver- 
sion occurs also m the presence of 13-linoleate hydro- 
peroxide and methemoglobin or hematin (98). A lipid 
hydroxy denvative was assumed to be important in this 
reaction. In view of the multitude of decomposition prod- 
ucts expected to be formed by metal catalysis, it would be 
important to determine what particular functionality 
activates a carcinogen. y 

Bcnzo(a)pyrene tB(a)P] is another important chemical 
carcinogen that is converted to oxy radical either by photo- 
irradianon or cnzymatically by incubation with liver 
microsomes (87,99). The precursor of 6-oxy-B(a)P 6- 
hydroxy-B a)P. binds covalently with DNA in vitro, and the 

hJ C RQP C ~ a- I b0Und COm P lcx b demonstrated directly 
by ESR studies. From these reports of free radical involve- 
ment in cancer, it can be readily deduced that any agent 

or£h i K 0m ° te meCdS and * eir active complexes) 
™di5« 1 ( M g k reduCU,g agCnts *»* antioxidants) free 
radicals would have a great impact on cancer formation In 
view of the activity of polyaromatic hydrocarbons such as 
? C ? in^T^** ( ? 4) ' P™ ibl < mvolvement of 
co°n J sid«ed?87r *° **** be 

w!? d !;^ antiX0dan ^ are "« of the other bio- 

E?zymcs *** W peroxidation? 

tnzymcs such as peroxidase, catalase and suoeroxide 
dismutase remove different species of activated o^en 

terativ? pCroxid ^ n 4 ^aTdog^or 

cofceSon of 35 ^ ma y d «tefse the 

concentration of these protective enzymes with cone*. 

cTmembr tOXk ^cts7 actuated oxygen 

K^„T bfane mtegnt y a mother mechanism that the 
body has to separate biological catalysts and oxygen from 

Z .Ste^S 0 ""* rKUltlng ° xid " i0n - "acto" 
mat attect tins structural separation will result in damaain<r 

1 o P nce„tL° f Xldati ?- F, ' nal,y • * e rdative, y low bt?a3laf 

°/ 0Xy P n " another defen se mechanist 
agamst lipid oxidaaon (25,100). 
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ABSTRACT 

Vitamin E is the most important tissue antioxidant in preventing or 
controlling non-specrfk reactions from various oxiditing species 
produced in normal metabolism. Through this action, the vLnta 
protects polyunsaturated fatty acid loss from phospholipids and 
consequent membrane damage. The U.S. diet has an abundance of 
vitamin E and normal individuals accumulate effective amount* to 
1« T* Whkb < * - C ° nSiStent me receded 
££<£Sr nam ' m " M iDdiCtted ^ National Re- 

INTRODUCTION 

One may reasonably ask why there should be an interest in 

It f ^ 0W , f °° d ^PP'y- beneficial or 

harmful? We know from biochemical studies that in the 
body s tissues there are chemical reactions which under 
some circumstances could lead to metabolic problems and 
tissue damage. These reactions produce free radicals or oxi- 
dizing species that may react readily with cell components 
Such systems as die microsomal mixed function oxidases," 
the .xanthine-xanthine oxidase system, cydooxygenase and 
various other enzymes that produce hydrogen peroxide 
superoxide or singlet oxygen, all may contribute to potel 
tially damaging conditions in vivo. Fortunately, tissues also 
contain a varied system of defense against oxidant damage, 
and primary components of this system are antioxidants 

Foremost is vitamin E. since a deficiency of this vitamin 
leads to many cellular changes readily explained by K™ 
oxidant action. Other nutrients which also can demonstrate 
an antioxidant effect via metal scavenging and under limited 
conditions, are ascorb c acid, cystine, hisddine, tryptophan 

destrov P ; 0?U,S - NU - mer ° US CnZ y mCS » tisSUcVaWS 
rfS dmng i peC ^ $i Catalasc ' ^"tathione reductase, 
glutathione peroxidase (both selenium containing and non 
selenium containing^ and superoxide dismutase 8 It should 
«H FTl'i that ,.* e . ttace eIemcnt . ^nium. is not an 

2 Ta' ^ WhCn mcor P°«ted tato glutathione perox- 
idase it readily destroys peroxides. 

Two types of antioxidants in the diet wM be considered 
the natural antioxidant vitamin E, and the synthetic anti- 
oxidants added in manufacturing of a multitude of food 
products. Of the many synthetic antioxidants available 

Al™u a PP~ v ed b y ^ C F °° d and Drug Administration 
tor use in human food in the past. These are BHT (buty latcd 

hydroxytoiuene) and BHA (butylated hydroxyanisolc). 
These are permitted in fats and oils at a concentration of 

rTSJ^ 0 ™ """•Pounce should be addressed at Bids. 6. Rm 
Bl-06, Nauonal Institutes of Health, Bethesda. MD 202OJ? 



0.02% and also arc added to packaging materials. However. 
Im I a ° bn 2 cr ,. consldered acceptable and its use has been 
stopped m most Iipid-containing foods in the U.S. and other 
countries. In extensive animal testing 20 to 30 years a E o 
these compounds generally were found to be much less 
Sn^r™*" E & P reventin g Ae classical signs of 
wSm^^T am ? UntS re 1 uired in ** diet 
r2£X ? TJ- ±U r°l V,tamin E - md ° ften bordered on 
a toxic level. Studies of the metabolism of BHT and BHA in 

man, using isotopic labeling, revealed that the compounds 
were rapidly excreted from the body, 80-90% in the urine 
within 7 days and the remainder in the feces. Furthermore, 
they are oxidized to 5 or more metabolites. In terms of the 
amounts that may be ingested daily by man from the U S 
food supply probably only a few milligrams, it cannot be 
considered that these two antioxidants make a significant 
contribution to the body's overall antioxidant defense 
system. In preventing certain experimentally produced can- 
died at riS ry i, an i malS, , thcSC compounds must be in the 
diet at relatively high levels, 0.5% or more. This would be 
the equivalent of about 2.5-3 g per day for man. 

Vitamin E is the most important dietary component 
contributing to antioxidant defenses in tissue. Vitamin E is 
nla C n« tT «™ .comprising 8 compounds synthesized by 
£^5 { fu mt ° 2 daSSeS ' ** tocols having a saturated 
chL ^li.™ *,? "c 0 * 1 ™ 018 having an unsaturated side 
chain. Within each class there are 4 "vitamers." designated 

S&fr •""""•'"t delta ' w hich vary in the number of 

^„i? y i g l° UPS ° n thC - Chr0man rin * 0f 8 compounds, 
only 4 have nutritional significance: alpha, beta and 

fZ m *; t ? C0P K e - ols . and . al P ha tocotrienol. When tested in 
STaSh V Z Vl V" nin E activit y' the relative activities 
SSlSS tOC ?^h 101 100, he 1 * tocopherol 30. gamma toco- 
fh t fV™ 1 ddt ? l°cophcrol 1. In the tocottienol series 
?! * tIvmcs are alpha 30, beta 5, and gamma and delta, 

According to their relative abundance in the diet and 
Aeir relanye biological activities, it can be estimated that 
of the total vitamin E activity in the U.S. food supply 75% 

»d° « ?T P K a toc °P h fol. 20% from gamma tocopherol 
and 5% from beta tocopherol and alpha tocotrienoL Even 
though gamma tocopherol has only one-tenth the bioloeical 
activity of alpha tocopherol, it is present in our diet at 
twice the amount of alpha tocopherol and thus makes a sie- 
nificant contribution. The U.S. diet may be unique fn Ms 
regard compared with other western countries because of 
,°„ Ur Jh T Cly h,gh consum Ption of soybean and cornels 
in which gamma tocopherol exceeds alpha tocopherol' 
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